ABSTRACT Three sets of filamentous structures were found to be associated with synaptic junctions in slices of cerebellar tissue prepared by rapid-freezing and freeze-etch techniques. The electron-dense fuzz subjacent to postsynaptic membranes corresponds to a web of 4-6-nm-diam filaments that were clearly visualized in rapid-frozen, freeze-etched preparations. Purkinje cell dendritic spines are filled with a meshwork of 5-7-nm filaments that were found to contact the spine membrane everywhere except at the synaptic junction, and extend through the neck of the spine into the parent dendrite. In addition, 8-10-nm microfilaments, possibly actin, were seen to be associated with the postsynaptic web and to extend into the body and neck of the spine. The arrangements and attachments of the filamentous elements in the Purkinje cell dendritic spine may account for its shape.
Dendritic spines were found to be a consistent feature of many neurons as soon as impregnation techniques became reliable at the turn of the century (47, 48) . With the advent of electron microscopic techniques, it could be shown that most spines participate in the formation of synaptic junctions (14, 16, 42) . However, the function of synaptic spines in synaptic transmission is still not clear, despite a variety of hypotheses and spirited debates (8, 15, 46, 53) .
In previous studies of membrane structure at synaptic junctions, we found that both presynaptic and postsynaptic membranes at the synaptic junction between parallel fibers and Purkinje cell spines have consistent patterns ofintramembrane particle distribution (36, 37 ; see also reference 22) . The presynaptic membrane is characterized by large particles associated with the cytoplasmic half of the fractured membrane; similar particles at other synapses are thought to represent voltage-dependent calcium channels (44) . The postsynaptic membrane has an aggregate of particles that are associated with the extracellular half of the fractured membrane, are coextensive with the widened synaptic cleft, and occupy the same position as the electron-dense material seen in thinsectioned preparations. Presumably, these particles represent proteins associated with the postsynaptic membrane, but the function of these proteins is not certain. At the vertebrate neuromuscular junction, aggregates of particles in comparable positions probably represent acetylcholine receptors (26, 30, 49) .
We have used rapid freezing (27-29, 58, 59) , cryofracture, and freeze-etching techniques to learn more about the details of synaptic structure. "Cryofracture" is used to denote the process of fracturing frozen tissue at low temperature to avoid distortion of intramembrane particles at the instant of fracture (17, 18, 35, 38, 52) . The particles in membranes fractured by this method may break at several levels within the hydrophobic membrane interior (23, 30, 38) . This paper describes the particles, visualized in a similar manner, at the postsynaptic aggregate on spine synapses.
Freeze-etching is accomplished by leaving the fractured tissue in the vacuum chamber of the freeze-fracture apparatus for several minutes prior to replication; during this time, water sublimates from the frozen surface, exposing the freezedried structures below (20, 30, 31) . In previous studies, soluble components of the cytoplasm were usually extracted prior to freeze-etching (25) so that they did not collapse onto and obscure the filamentous components; we realized a similar end by etching away only a small amount of water (38, 51) . With this "shallow etching" technique, the complicated meshwork of filamentous structures in postsynaptic cytoplasm of spines is exposed. Similar filaments can be identified in rapidly frozen tissue prepared for thin-section study by freezesubstitution fixation. This paper presents a description of these filamentous systems and their relationship to the postsynaptic specialization on the dendritic spine. The arrangement of these filaments in the spine may account for its complex shape.
C57BL/6 mice aged 30-60 d were decapitated, the calvarium was rapidly removed, and a hemispherical slab 3 mm in diameter was sliced from the lateral cerebellum. The cerebellar slab was mounted on the stage of a rapidfreezing apparatus, and the surface of the slice was frozen by impact against a copper block cooled by liquid helium (27) (28) (29) . The interval from decapitation to freezing was ~20-35 s.
Frozen tissue was mounted on the stage of a Balzers 301 freeze-fracture apparatus (Balzers, Hudson, NH) fitted with a liquid helium-cooled specimen stage, and fractured at a specimen holder temperature of 20-40*K in a vacuum of 2-4 x l 0 -a torr. The swing of the microtome knife in the Balzers apparatus was usually parallel to the plane of the frozen tissue, and the fracture generated as the knife grazed the tissue was a shallow (<20 urn) gouge into the surface. The specimen holder was then warmed to 160-165"K in <10 min, held at that temperature for 10-30 min, and then replicated at 123"K with a platinum alloy in an electron beam gun (38) .
Tissue was prepared for thin-sectioning by freeze-substitution fixation (58, 59) . Frozen tissue was placed on the frozen surface of 5 % osmium tetroxide in acetone covered by liquid nitrogen and then warmed to 188-190*K. The tissue was held in the melted acetone at the same temperature for 12-72 h, and finally allowed to warm to 273"K. Some specimens were treated with 1% tannic acid in acetone, and all were stained en bloc with uranyl acetate in methanol. The tissue was embedded in Araldite (Polysciences Inc., Warrington, PA).
We describe several different filamentous systems in terms of apparent diameter and periodicity in shadowed specimens. The diameters were differentiated by means of cross comparisons within each replica and therefore are not absolutely consistent between different replicas. Even within the same replica, different regions of the fractured tissue may have been exposed to different amounts of the metal shadow during rotary shadowing, so that identical structures in two different regions may appear to have slightly different diameters.
R E S U L T S
In favorable preparations, the plane of fracture could be followed as it passed through the pia-arachnoid and the glia limitans at the surface of the cerebellar cortex on into the superficial molecular layer. In this region of cerebellar cortex, Purkinje cell dendrites and stellate cells are virtually the only postsynaptic processes present. Parallel fiber axons establish synaptic junctions with Purkinje cell spines and with the spines, dendritic shifts, and perikarya of stellate neurons. A much smaller population of stellate cell axons synapses on the shafts of Purkinje dendrites.
Spines on Purkinje Dendrites
Purkinje cell spines could be readily recognized by their shape and origin from Purkinje cell dendrites (Fig. 1) . The shapes of the spines and the particle aggregates associated with the synaptic junctions in general were similar to those described in previous studies (36) , which depended on tissue fixed by perfusion with aldehydes. In the rapidly frozen tissue, however, we recognized some spines that gave rise to a smaller excrescence, usually in the body of the spine opposite its neck ( Figs. 1 and 8 ). These excrescences did not appear to be a variation of the membrane blebs that are associated with aldehyde fixation (24) because the membrane of the excrescence had a normal complement of particles, distributed primarily on the cytoplasmic membrane half (Figs. 1 and 8) , and because the structure of the cytoplasm in the neck of the excrescence was similar to that elsewhere in the spine (see below).
Membrane Structure at Synaptic Junctions with Parallel Fibers
Aggregates of particles associated with the extracellular half
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of the dendritic membrane and co-extensive with the synaptic cleft are a consistent feature of parallel fiber synapticjunctions with Purkinje cell spines and with stellate cells. In rapidly frozen tissue, the particles constituting the aggregate were heterogeneous in shape and size (Figs. 3 and 4). Most were globular, although some were shard-like, and their minimum diameter in rotary-shadowed preparations ranged from 4-12 nm. The cytoplasmic half of the fractured membrane facing the synaptic cleft had two consistent features: large pits, presumably expanded by the etching but complementary to particles associated with the extracellular half of the membrane, and a distinct paucity of particles (Fig. 2) . However, there were fewer large pits on the cytoplasmic half of the fractured postsynaptic membrane than there were particles in the aggregate on its extracellular half, so not all particles leave a large pit on the cytoplasmic membrane half.
Where the plane of fracture entered the spine membrane at a synaptic cleft, etching revealed fibrillar material bridging the cleft. Some particles on the extracellular half of the fractured membrane appeared to be continuous with the fibrillar material in the cleft while others were not. Also encountered in the synaptic cleft were some fibrillar elements that had no obvious continuity with particles on the extracellular membrane half.
The relationships of intramembrane particles to the adjacent cytoplasm were difficult to see at the postsynaptic specialization of parallel fiber synapses on spines. Because the depth of etching (estimated from the number of filaments that became exposed) was only 20-30 nm, we obtained views of the postsynaptic web in the cytoplasm only when the plane of fracture passed through the spine cytoplasm near a postsynaptic specialization (Fig. 4) . The course of such a fracture would have to be very close to the spine membrane, and thus it was not surprising that most such fractures were propagated through this membrane.
Parallel fibers also form synapses with an excitatory action on stellate cell dendrites and perikarya, and these synapses appeared identical to those on Purkinje spines in both thin section and freeze-fracture. The synaptic junctions at these synapses are also flat, so that oblique planes of fracture through the synaptic junction showing the relationships between various levels of postsynaptic structures were frequent. Here it was apparent that filaments 4-6 nm in diameter contacted the postsynaptic membrane and that their distribution was co-extensive with the aggregate of particles on the extracellular membrane half which characterized the postsynaptic specialization ( Fig. 5; for comparison, Fig. 6 illustrates a nonjunctional region). These short filaments constituted a mesh which extended ~2 0 nm into the postsynaptic cytoplasm thereby obscuring the true cytoplasmic surface of the plasma membrane at the widened synaptic cleft. This mesh corresponded in size and distribution to the electron-dense "fuzz" seen in thin-sectioned tissue. In the few instances where the postsynaptic mesh could be identified in cross-fractured dendritic spines, it was also co-extensive with the synaptic junction (Fig. 4) .
Structure of the Cytoplasm in Purkinje Cell Spines
Three distinct sets of filamentous elements could be distinguished on the basis of diameter, distribution, and periodicity in the etched cytoplasm of Purkinje cell dendritic spines. The first of these was the mesh of short, branching or crossing filaments, 4-6 nm in diameter, which extended ~2 0 nm into the spine cytoplasm from the true cytoplasmic surface of the axon. The spine is otherwise ensheathed in astrocytic processes (A). These relationships correspond to those that have been established in thin section views, and make the identification of Purkinje cell spines obvious. This spine has a protuberance (asterisk) at the end opposite its neck. x 90,000. Fig. 2 : Purkinje cell dendritic spine contacted by a cross-fractured parallel fiber axon. The parallel fiber axon, to the left of the illustration, has been cross-fractured near its synaptic junction with the Purkinje dendritic spine. The approximate location of the synaptic junction is revealed by an array of pits (arrows) on the cytoplasmic half of the freeze-fractured spine membrane. There is a large invagination in the plasmalemma of the parallel fiber axon and a protuberance (asterisk) on the dendritic spine at the upper right, both of which may be indicative of intense activity just before freezing. × 174,000.
spine membrane at the synaptic cleft. As noted above, this mesh probably corresponded to the electron-dense fuzz of the postsynaptic specialization as visualized in thin-sectioned tissue (Fig. 11) .
A second system of filamentous elements were 8-10 nm in diameter, frequently had a 4-nm periodicity, and were relatively straight. These microfilaments were most abundant in the body of the spine, were found consistently deep to the postsynaptic mesh, and extended through the neck of the spine into the parent dendrite (Figs. 7-10 ). They infrequently contacted the true cytoplasmic surface of the spine membrane, but lay in the vicinity of and sometimes contacted the 4-6-am filaments in the postsynaptic mesh.
The third system of filaments was the most abundant (Figs.  7-10 ). These were 5-7 nm in diameter and were concentrated in a zone up to 40-nm wide next to the membrane. These filaments were fairly straight, crossed or branched at nodes, and often terminated in apposition to the true cytoplasmic surface of the spine membrane. They were often seen to intersect with the microfilaments, but did not seem to be continuous with them. The mesh formed by these filaments constituted the major filamentous element of the cytoplasm in the neck of the spine. These fine filaments were less densely packed in the core of the spine body where the microfilaments are relatively concentrated.
All three types of filaments were identified in the vicinity of parallel fiber synaptic junctions with stellate cells (Fig. 5) . The short filaments obscuring the true cytoplasmic surface of the membrane at the synaptic cleft have already been described. Microfilaments were a constant feature of the cytoplasm deep to this mesh. Where etching exposed the true cytoplasmic surface of stellate cell processes and Purkinje cell dendrites outside of junctional regions, a few 5-7-nm filaments were found near the true cytoplasmic membrane surface (Fig. 6) 
Granular material was interspersed within the filamentous meshworks in the spine and dendritic cytoplasm. The granules were irregular, often isolated, and ranged up to 20 nm in diameter. The numbers and shapes of these granular structures were similar in spines and dendrites (Figs. 7-9 ). It is these components that become aggregated and progressively obscure the filamentous elements unless the etching is carefully limited to removing 30 nm or less of water. It is probable that they represent soluble cytoplasmic components (51) .
The Purkinje cell dendritic spines also contained membrane-limited cisterns (Figs. 7-9 ). When fractured, these membranes had a few particles associated with the luminal half of the membrane, and more particles associated with the half of the membrane adjacent to the spine cytoplasm (Figs.  7-9 ). The fine 5-7-nm filaments in the spine cytoplasm often coursed immediately adjacent to the cistern, but did not appear to insert into its membrane. Furthermore, we recognized no instances in which the microfilaments ended in apposition to a membrane cistern.
It was also possible to identify the various filamentous structures in Purkinje cell dendritic spines in thin sections of rapidly frozen tissue prepared by freeze-substitution fixation (Figs. 11 and 12 ). The filaments were electron-dense, tended to lie parallel with the long axis of the spine, especially in its neck, and had a preferential orientation in the long axis of the spine at the level of the synaptic junction. It was not always clear that filaments parallel with the plane of the section fell into the two size classes seen in fractured, etched tissue. However, when filaments were viewed in cross-section, FIGURES 3-6 Fig. 3 : Synapse between a parallel fiber and a Purkinje cell dendritic spine. The cross-fractured axoplasm of the parallel fiber bouton contains synaptic vesicles (short horizontal arrows) and its membrane has been fractured, revealing its cytoplasmic half. Only a portion of the spine membrane remains; its extracellular half lies in the hollow formed by the indentation into the parallel fiber bouton (in the cerebellum, the spines usually indent the presynaptic terminal). Scattered across the extracellular half of the fractured spine membrane (asterisk) is a collection of heterogeneous particles. At higher magnification, it is occasionally possible to find a contiguity between a particle on the spine fracture face and a fibril in the intercellular cleft between the spine and the parallel fiber axon (vertical arrow), x 160,000. Fig. 4 : Etched cytoplasm in a Purkinje cell dendritic spine at a synaptic junction. The plane of fracture includes the cytoplasmic half of the plasma membrane of a parallel fiber (Pre). A fragment of the extracellular half of a spine membrane (asterisk) bears an aggregate of particles at the site of its junction with the parallel fiber axon. It is difficult to discern the exact demarcation between the fracture face and the true cytoplasmic surface of the spine membrane, but near the asterisk is an aggregate of particles arrayed on the extracellular half of the membrane, and to their left, in the cytoplasm of the etched spine just deep to the true cytoplasmic surface of the spine, there is a mesh of 4-6-nm filaments (upper arrow). A cluster of large particles, characteristic of the presynaptic aspect of the synaptic specialization (lower arrow) lies on the cytoplasmic half of the fractured axon membrane, x 130,000. Fig. 5 : Stellate cell perikaryon at a synaptic junction with a parallel fiber. The extracellular half of the fractured plasmalemmal membrane is on the left of the illustration. A line of arrowheads at the top and bottom indicates the demarcation between the fracture face and the true inner surface revealed by etching, and two larger arrows pointing to the shelf of true inner surface of the membrane also demarcate an intervening region occupied by the synaptic junction. On the extracellular half of the fractured membrane is an array of somewhat heterogeneous particles characteristic of the postsynaptic aspects of synaptic junctions. In the etched cytoplasm co-extensive with the synaptic junction, there is a web of 4-6-nm filaments inserting on the true inner surface of the membrane, which obscures the true inner surface of the membrane. A 9-10-nm filament courses through the etched cytoplasm, deep to this web and slightly lateral to the site of the synaptic junction (oblique arrow). Granules of various sizes lie between and on these filaments, x 250,000. Fig. 6 : Plasmalemma of the cell body of a stellate interneuron in the cerebellar cortex. To the left of the illustration is the extracellular half of the fractured cell membrane. A line of arrowheads indicates the demarcation between the fracture face and the true inner surface of the membrane that has been revealed by etching. The true cytoplasmic surface of the membrane, outside of regions which have postsynaptic specializations, is marked by particles of various sizes. In the cytoplasm, just deep to these particles, are filaments of at least two different diameters, coursing in parallel with the inner membrane surface. x 250,000. Fig. 11 : Synaptic junction between a parallel fiber and a Purkinje cell spine, in rapidly frozen tissue fixed by freeze-substitution. Synaptic vesicles (V) are in the parallel fiber bouton, at the lower left. Surrounding the vesicles, in the diffusely electron-dense axoplasm at the presynaptic specialization, are several small annular profiles, which may represent cross-sectioned filaments encrusted with heavy metal stain. The postsynaptic electron-dense fuzz is co-extensive with the widened synaptic cleft, which in this preparation appears uniformly stained. In the cross-sectioned spine are membrane-bound cisterns (C) and many filaments, of at least two diameters. In the periphery of the spine, especially below the asterisk, are filaments of smaller diameter, which probably correspond to the 5-7-nm filaments in etched, replicated tissue. In the core of the spine are larger filaments, coursing in the plane of the section (horizontal arrows) or perpendicular to it (vertical arrows). These microfilaments probably correspond to the actin-like 9-t0-nm filaments visualized in etched, replicated tissue, x 150,000. Fig. 12 : Synaptic junction between a parallel fiber and a Purkinje cell spine, in oblique section. Synaptic vesicles (V) are in the presynaptic axoplasm, toward the left. The synaptic cleft (5C) appears as a broad zone of electron-dense material, without obvious substructure. The section has included a portion of the electron-dense fuzz of the postsynaptic specialization (ringed by arrows), in which individual filaments appear in cross-section as annular densities. These filaments correspond to the mesh of 4-6-nm filaments visualized in etched, replicated tissue (Fig. 5 ). x 160,000. Fig. 7 : Cytoplasmic structure in a cross-fractured dendritic spine. The cytoplasmic half of the fractured spine membrane is evident at the lower portion of the illustration. Etching of the cross-fractured spine cytoplasm has revealed a system of anastomotic and straight 5-7-nm filaments, some of which end close to the true cytoplasmic surface of the spine. Also, within the spine is the fractured membrane of a cistern (C). A few, larger filaments (arrowhead) are also present in the body of the spine. x 180,000. Fig. 8 : Cross-fractured dendritic spine. The origin of the spine from the Purkinje dendrite is at the lower left. Large diameter filaments extend from the Purkinje dendrite into the base of the spine, and similar large diameter, 9-10-nm filaments are evident in the body of the spine. Also in the spine is a mesh of smaller (5-7 nm) filaments (arrows). The plane of fracture has also exposed the luminal half of several cisternal membranes (C). At the tip of the spine is an excrescence (asterisk); its membrane is marked by particles and filaments enter its neck. x 180,000. Fig. 9 : Cross-fractured dendritic spine. The parent Purkinje dendrite is seen in cross fracture at the lower right. Within the body of the spine are several fractured cisterns. This spine also shows a complex mesh of 5-7-nm filaments (arrows). x 180,000. Fig. 10 : Etched cytoplasm of a Purkinje dendrite at the origin of a Purkinje dendritic spine. The cytoplasmic half of the fractured spine membrane at the neck and at the proximal portion of the body of the spine is evident in the upper right. In the cross-fractured cytoplasm at the base of the spine there is a mesh of 5-7-nm filaments (oblique arrow). A larger diameter microfilament courses from the spine origin across the etched surface of the dendritic cytoplasm; this filament has a subtle periodicity (arrowheads) which is the basis for its tentative identification as an actin filament. The cluster of large particles on the cytoplasmic half of the fractured membrane of a parallel fiber axon (upper left) is probably a coated pit. x 180,000.
FIGURES 11 and 12

FIGURES 7-10
the two size classes were apparent (Fig. 11) . The filaments constituting the electron-dense postsynaptic fuzz were quite discrete in freeze-substituted cerebellum (Fig. 12) and were slightly more electron-dense than the longer, fine filaments in the spine cytoplasm.
DISCUSSION
Three distinct sets of filamentous elements were identified in Purkinje cell dendritic spines prepared by rapid-freezing and shallow-etching. A meshwork of short, straight filaments 4-6 nm in diameter extended up to 20 nm into the spine cytoplasm from the true cytoplasmic surface of the spine membrane at the synaptic junction; this mesh probably corresponds to the electron-dense fuzz seen in the thin-sectioned tissue prepared by conventional methods (20) . There are also microfilaments 8-10 nm in diameter which share morphological characteristics with actin, and which are distributed principally in the body of the spine deep to the synaptic junction. The current preparative method also revealed a third set of filaments, 5-7 nm in diameter, concentrated in a zone 20-40-nm deep to the spine membrane and tilling the neck and much of the body of the spine. Fig. 13 diagrams the distribution of these several types of filamentous elements. FIGURE 13 Diagram of filamentous elements in the cytoplasm of a Purkinje cell dendritic spine. A meshwork of short filaments 4-6 nm in diameter extends into the spine cytoplasm from the true inner surface of the spine membrane at the synaptic junction (these filaments as represented here are relatively larger than their actual diameter). The aggregate of particles associated with the extracellular half of the fractured membrane at the postsynaptic membrane is here represented as dark particles in the membrane. The exact relationship of the 4-6-nm filaments to the intramembrane particles is uncertain though some filaments may contact particles. A separate population of filaments 5-7 nm in diameter is concentrated near the spine membrane filling the neck and much of the body of the spine. These filaments end near the true inner surface of the membrane. A few 8-10-nm microfilaments are present in the body and neck of the spine; the representation here is intended to suggest that their periodicity in rotary-replicated preparations is due to the double helix of F-actin.
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THE JOURNAL OF CELL BIOLOGY • VOLUME 97, 1983 There is little reason to think that these filaments are an artifact of tissue preparation. Their distribution differs systematically and consistently in different cytoplasmic domains. They are present in freeze-substituted tissue and in fractured, etched tissue and therefore are unlikely to represent artifacts introduced after the instant of freezing. They are also clearly distinct from the concretions of cytoplasmic structure in deeper regions of tissue where ice crystals are larger. We restricted our attention to regions of the tissue where ice crystals were too small to recognize, presumably corresponding to regions in which freezing occurred in <2 ms (28, 43) . It seems unlikely that nonfilamentous proteins somehow reorganized into filaments in this short interval. However, we cannot exclude the possibility that some structural changes occurred in the 25-35-s interval between decapitation and the instant of freezing.
In this study, cytoplasmic structure has been examined for the first time in synapses that have not been extracted, but have only been directly frozen and etched. Other workers have used detergents or other means to remove or dilute soluble cytoplasmic components to permit examination of insoluble components of nerves at high resolution after etching (20, 33) . The drawback of such an approach, however, is that some structures are certainly lost, and others may be reorganized during the extraction or the etching. We have, instead, prevented granular cytoplasmic components from obscuring filamentous components of the cytoplasm by limiting the amount of etching to ~30 nm of water. The soluble cytoplasmic components that had been in this thin zone of ice now appear as irregular granules distributed rather uniformly over and among the filamentous structures revealed by the etching. At present few conclusions can be made about the nature of these granular structures, although it is likely that some are postsynaptic components such as calmodulin or other proteins characteristically associated with synaptic junctions (13) .
The nature of the proteins constituting the various systems of filaments is also uncertain. It is probable that the anastomotic mesh at the synaptic junction corresponds to the postsynaptic density, seen in thin sections of extracted, separated synaptic fractions (2, 3, 5-7, 13, 34, 50, 56) . The mesh probably represents the relatively insoluble, incompletely characterized "structural" component of the density. The larger, 8-10-nm filaments in fractured, etched spines have approximately the same diameter and longitudinal periodicity as filaments prepared by replication techniques and considered to be actin in other tissues (25, 32, 33) . This identification would be consistent with biochemical analyses that detect actin in tissue fractions enriched with synaptic structures (5, 34; see also reference 21). Filaments thought to be actin also contact the filaments of the postsynaptic mesh at synaptic junctions between primary auditory afferents and the principal cells in the anteroventral cochlear nucleus (19, 20) . There is little information about the composition of the fine 5-7-nm filaments. They resemble the "cross-linking wisps in the terminal web" illustrated by Hirokawa and Heuser (32) in a study of cytoskeletal organization in intestinal epithelial cells (eg., in Figs. 8 and 9 ). These authors suggest that the wisps in these cells may turn out to be monomers or oligomers of myosin.
The organization of the fine 5-7-nm filaments in Purkinje cell dendritic spines leads one to consider the possibility that they may have a role in the maintenance of spine shape.
